FKBP52, a multidomain peptidyl prolyl cis/transisomerase (PPIase), is found in complex with the chaperone Hsp90 and the co-chaperone p23. It displays both PPIase and chaperone activity in vitro. To localize these two activities to specific regions of the protein, we created and analyzed a set of fragments of FKBP52. The PPIase activity toward both peptides and proteins is confined entirely to domain 1 (amino acids 1-148) . The chaperone activity, however, resides in the C-terminal part of FKBP52, mainly in the region between amino acids 264 and 400 (domain 3). Interestingly, this domain also contains the tetratricopeptide repeats, which are responsible for the binding to C-terminal amino acids of Hsp90. Competition assays with a C-terminal Hsp90 peptide suggest that the non-native protein and Hsp90 are bound by different regions within this domain.
FKBP52, a multidomain peptidyl prolyl cis/transisomerase (PPIase), is found in complex with the chaperone Hsp90 and the co-chaperone p23. It displays both PPIase and chaperone activity in vitro. To localize these two activities to specific regions of the protein, we created and analyzed a set of fragments of FKBP52. The PPIase activity toward both peptides and proteins is confined entirely to domain 1 (amino acids 1-148). The chaperone activity, however, resides in the C-terminal part of FKBP52, mainly in the region between amino acids 264 and 400 (domain 3). Interestingly, this domain also contains the tetratricopeptide repeats, which are responsible for the binding to C-terminal amino acids of Hsp90. Competition assays with a C-terminal Hsp90 peptide suggest that the non-native protein and Hsp90 are bound by different regions within this domain.
Conversion of prolyl peptide bonds from trans-to cis-prolines
often is a rate-limiting step in protein folding (1) (2) (3) (4) . In 1984, the first member of a novel class of enzymes (now called peptidyl-prolyl cis/trans-isomerases or short PPIases) 1 was reported to catalyze this reaction (5) . To date three subfamilies of PPIases have been identified: FK506-binding proteins (FKBPs), cyclophilins, and parvulins (6 -8) . Both FKBPs and cyclophilins bind to and are inhibited by the immunosuppressive drugs FK506 and cyclosporin A, respectively (9, 10) , and are therefore termed immunophilins.
In addition to their PPIase activity, mammalian immunophilins of higher molecular mass (Ͼ40 kDa) comprise further domains that account for additional functions. These so-called large immunophilins (FKBP52, FKBP51, and cyclophilin 40) have been found in complexes with the chaperone Hsp90 and certain client proteins such as the steroid hormone receptors in their inactive states (11) (12) (13) . For steroid hormone receptor activation, several Hsp90 complexes of different compositions seem to be needed (14) . The receptor interacts with Hsp70 at an early stage in this chaperone cycle. Recruitment of Hsp90 via Hop leads to the formation of an intermediate complex (Hsp90⅐Hop⅐Hsp70). The final complex of the chaperone cycle involves Hsp90, a small acidic protein called p23, and any of the three large immunophilins FKBP51, FKBP52, and cyclophilin 40 (14) . The selection of the large immunophilin present in this complex seems to depend on the substrate bound (15, 16) . The basis for this differential incorporation may be due to differences in affinities of the immunophilins for Hsp90 and non-native proteins (17) .
The large immunophilin that was first identified to be a component of these complexes was FKBP52 (18, 19) . Sequence and hydrophobic cluster analysis suggested that FKBP52 is composed of four different domains (20) . Two of these domains were suggested to be structurally related to FKBP12. The first domain (amino acids 1-148) exhibits 55% amino acid homology (21) and 49% sequence identity with FKBP12, the respective small immunophilin (20) . Domain 1 of FBKP52 exhibited PPIase activity toward peptide substrates in a protease-coupled assay (22) . The second domain (amino acids 149 -263) exhibits 28% sequence identity with FKBP12. A marginal PPIase activity was found for this part of the protein (22) . The third domain (amino acids 264 -400) consists of three tetratricopeptide repeats (TPRs) (16, (23) (24) (25) , and the fourth domain (amino acids 400 -458) seems to contain a binding site for calmodulin (26) . TPRs are degenerate sequences of 34 amino acids in length that are known to mediate protein-protein interactions (27) (28) (29) (30) . These TPRs are the elements responsible for binding to Hsp90 (24, 30 -33) . Apparently, all three immunophilins compete for one single binding site on the Hsp90 monomer (25) . Binding is mainly mediated by electrostatic interactions between the TPR motif and the C-terminal MEEVD amino acid sequence of Hsp90. Additional amino acids N-terminal to this peptide also contribute to the binding and render specificity to the interaction between the TPR and Hsp90 (30) .
Similar to Hsp90 (34) and p23 (35, 36) , FKBP52 has been found to display chaperone activity. It prevents the thermal aggregation of the model substrate citrate synthase (CS) in vitro (17, 35) . Addition of the specific inhibitor rapamycin showed that this activity is independent of its PPIase activity (35) .
In the present study, we set out to localize the domain responsible for the chaperone activity of FKBP52. To this end, we analyzed a set of truncation fragments of FKBP52 concerning structure, PPIase, and chaperone activity.
Our findings show that domain 1 is exclusively responsible for its PPIase activity toward both peptide and protein substrates. The interaction with non-native protein is localized to the TPR domain. Competition experiments with a C-terminal Hsp90 peptide proved that binding of Hsp90 and substrate are not mutually exclusive.
EXPERIMENTAL PROCEDURES

Materials
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protease-free PPIase assay was from Bachem AG (Bubendorf, Switzerland).
Proteins-FKBP52 and its fragments were purified as described below. Mitochondrial pig heart CS was from Roche Molecular Biochemicals. It was stored in TE buffer (50 mM Tris, 2 mM EDTA, pH 8.0). Bovine rhodanese was from Sigma. The plasmid carrying the yS54G/ P55N variant of RNase T 1 (RCM-T1) was a kind gift of F. X. Schmid (University of Bayreuth, Bayreuth, Germany). RNase-T 1 was purified and modified as described previously (37) . hFKBP12 was a kind gift of Gunther Fischer (Max Planck Institute, Halle, Germany).
Fragment Design and Expression-The fragments of rabbit FKBP52 were designed according to the domain structure determined by sequence alignment and hydrophobic cluster analysis (20) . The domain boundaries were determined by protease digests and hydropathy plot analysis according to Kyte and Doolittle (38) .
For fragment expression, the cDNAs were subcloned into the T5 expression plasmid pQE30 (Qiagen, Hilden, Germany), which allows high level expression of proteins with an N-terminal His 6 tag. The plasmids were transformed into the Escherichia coli strain HB101. LB medium containing 100 g/ml of ampicillin and 40 g/ml of kanamycin was inoculated with the respective stationary overnight culture. These cultures were grown at 37°C to an A 600 of 0.4. Protein expression was induced by the addition of 1 mM isopropyl-␤-D-thiogalactopyranosid. The cultures were subsequently shifted to 26°C for 4 h. Then the cells were harvested by centrifugation at 4000 ϫ g for 15 min at 4°C and lysed by incubation with 1 mg/ml of lysozyme for 30 min on ice and subsequent sonication.
Protein Purification-The histidine-tagged protein fragments were purified via a succession of nickel-nitrilotriacetic acid-agarose (equilibrated in 50 mM NaH 2 PO 4 , 400 mM NaCl, 20 mM imidazole, pH 8.0, elution by a step gradient to 250 mM imidazole), Resource Q (50 mM Tris, 4 mM EDTA, pH 8.0), where the protein was in the flow-through, and an Amersham Pharmacia Biotech Superdex 75-pg gelfiltration column (run in 50 mM Tris, 200 mM NaCl, 4 mM EDTA, pH 8.0). The purity of all fragments was analyzed on silver stained SDS-polyacrylamide gels. No contaminating bands were detected.
The pure fragments were stored in 50 mM Tris, 2 mM EDTA, pH 7.5, at Ϫ80°C. The concentrations were determined using the extinction coefficients for a 1 mg/ml solution in a 1-cm cuvette at 280 nm, calculated according to Gill and von Hippel (39) .
Purified proteins were analyzed via size exclusion high pressure liquid chromatography and fluorescence detection. The runs were carried out using a Superdex 75 HR column with a flow rate of 0.5 ml/min in 50 mM Tris-HCl, pH 7.5, 2 mM EDTA, 200 mM NaCl. 100 l of a 1 M solution of the respective fragment were applied onto the column. The elution profile was monitored by fluorescence with an excitation wavelength of 280 nm and an emission wavelength of 330 nm.
Peptide Synthesis and Purification-The Hsp90C17 peptide (IP-PLEGDEDASRMEEVD) was synthesized using a 9050 PepSynthesizer (Milligen) and Fmoc (N-(9-fluorenyl)methyloxycarbonyl)-protected amino acids (40) as described previously (41) . The peptide was lyophilized and purified by reversed phase high performance liquid chromatography using a C2/C18 copolymer column (PepS; Amersham Pharmacia Biotech) and a gradient of 0 -70% acetonitrile in 0.1% trifluoroacetic acid. Finally the peptide-containing fractions were lyophilized.
Circular Dichroism Measurements-Far UV CD measurements were performed in a J-715 spectropolarimeter with a PTC343 peltier unit (Jasco, Tokyo, Japan). After dialyzing the proteins overnight against 40 mM potassium phosphate, pH 7.5, spectra were recorded from 250 to 197 nm at a constant temperature of 20°C in 0.1-cm quartz cuvettes. All spectra were base line corrected, and the ellipticities were calculated for a mean residue weight of 112.
The ␣-helix content of the respective immunophilin spectra was determined using the CD spectra deconvolution software CDNN 2.1 (bioinformatik.biochemtech.uni-halle.de/cdnn/).
To determine the thermal stability of the fragments, the CD signal was monitored at 222 nm for FKBP52, FKBP52-123, and FKBP52-234 and at 215 nm for FKBP52-1 and FKBP52-12 from 20 to 80°C at a protein concentration of 0.25 mg/ml and a heating rate of 1°C/min.
GdmHCl Unfolding and Refolding Transitions-To determine the stability of the FKBP52 fragments against denaturation, GdmHCl unfolding transitions were monitored by fluoresence and CD spectroscopy.
For CD measurements, the signal was monitored at 222 nm in the presence of increasing concentrations of GdmHCl. 0.35 mg/ml of the respective proteins was preincubated for 24 h at 20°C in 10 mM sodium phosphate, pH 7.5, containing GdmHCl concentrations from 0 to 6 M.
For fluorescence measurements 5 g/ml of the respective fragments were incubated for 24 h at 20°C in 50 mM Tris, pH 7.5, containing different GdmHCl concentration. Fluorescence spectra were measured at an excitation wavelength of 280 nm from 295 to 400 nm in a Spex Fluoromax-2 fluorescence spectrometer. The respective fluorescence signals at the maximum of the difference spectrum between denatured and native protein was plotted against the respective GdmHCl concentration. The equilibrium refolding transitions were performed by incubating the fragments in 50 mM Tris, pH 7.5, 4 M GdmHCl for 6 h at 20°C and then diluting them into different GdmHCl concentrations. The conformational state of the fragments was analyzed as described for the unfolding transitions.
PPIase Activity
Protease-coupled Peptide Assay-PPIase activity toward peptide substrates was measured by a coupled assay (5) using the synthetic peptide succinyl-Ala-Xaa-Pro-Phe-p-nitroanilide with Xaa being a Leu. p-Nitroanilide can only be cleaved off by chymotrypsin when the Xaa-Pro bond is in the trans configuration. The release of p-nitroanilide results in an increase in absorbance at 390 nm. Because FKBP52-234 was highly aggregation-prone in other buffers, these measurements were carried out in 50 mM Tris, pH 7.5, for all fragments. A Jasco V-550 UV-visible spectrophotometer with a thermostated cell holder was used at a constant temperature of 10°C. To obtain the rate constants, the reaction kinetics were fitted using the program Sigma Plot 4.0 (SPSS Inc., Chicago, IL).
Protease-free Peptide Assay-Because some PPIases have been found to be proteolytically inactivated in the protease-coupled assay, a protease-free assay had been devised (42) . The basis for this assay are the different UV-visible absorption spectra of the cis-and trans-isomers of the assay peptides when transferred from 0.47 M LiCl/trifluoroethanol into aqueous buffer solution. This change can be monitored at 330 nm. The protein concentrations and buffer conditions were identical to that of the protease-coupled assay.
RCM-T1 Refolding Assay-To measure the PPIase activity toward protein substrates, refolding experiments were performed with RCM-T1. This variant is unfolded in 100 mM Tris, pH 8.0, but refolds spontaneously upon dilution into the same buffer containing 2 M NaCl (37). The kinetics of refolding of RCM-T1 are determined by the cis/transisomerization of the Tyr 38 -Pro 39 bond (37). Addition of PPIases leads to an acceleration of the reaction. The assay was performed as described previously (17, 43, 44) at 15°C in a Spex FluoroMax-2 fluorescence spectrometer (Spex Industries, Edison, NJ) with the wavelengths being set to 268 and 320 nm for excitation and emission, respectively. The spectral bandwidths were set to 1.5 nm for excitation and 3.5 nm for emission. Under these conditions, the refolding of RCM-T1 was monoexponential. The rate constants of the reactions were determined using the program Sigma Plot 4.0 (SPSS Inc.).
Chaperone Assays
Citrate Synthase Assay-Thermal denaturation of CS (3 M) was achieved by incubation at 40°C in 40 mM Hepes, pH 7.5, for 1 h. Aggregation of CS was measured by monitoring the increase in turbidity at 360 nm in a JascoV-550 UV-visible spectrophotometer equipped with a thermostated cell holder using microcuvettes (120 l) with a path length of 1 cm.
Alternatively, aggregation of CS (0.15 M) was measured by light scattering in a Spex FluoroMax-1 fluorescence spectrometer equipped with a thermostated cell holder at 43°C (Instruments S.A.) at an excitation and emission wavelength of 360 nm (45) . For the competition assays, FKBP52 and Hsp90C17 were preincubated together for 2 min in assay buffer at 43°C before the assay was started by the addition of CS.
Rhodanese Assay-Thermal denaturation of Rhodanese (0.3 M) was achieved by incubation in 40 mM sodium phosphate buffer, pH 7.4, at a temperature of 44°C for 20 -30 min. Aggregation was monitored by measuring the light scattering at 360 nm in a Spex Fluoromax-1 fluorescence spectrometer with a thermostated cell holder.
Cross-linking Assays-Chemical cross-linking of FKBP52 or FKBP52 fragments with CS was performed using glutaraldehyde (GA) as the cross-linking reagent. The optimal GA concentration was determined to be 10 mM. 4 g of FKBP52 or FKBP52 fragments and CS were incubated in 20 l of 40 mM Hepes, pH 7.5, for 5 min at 40°C. For cross-linking, 1.6 l of 0.125 mM GA (in 40 mM Hepes, pH 7.5) was added, and the samples were incubated for 2 min at 37°C.
For the kinetic experiments, 4 g of FKBP52 or FKBP52-123 were incubated with CS in 20 l of 40 mM Hepes, pH 7.5, for 5, 10, 15, or 30 min at 40°C. After different incubation times, GA was added to an end concentration of 10 mM, and samples were incubated for 2 min at 37°C.
To stop the cross-linking, 5 l of 1 M Tris-HCl, pH 8.0, was added, and the samples were stored on ice. The complexes with CS were visualized by 4 -12.5% gradient SDS-polyacrylamide gel electrophoresis and subsequent immunoblotting with antiserum against CS. The immunoblot was developed using ECL (Amersham Pharmacia Biotech).
Isothermal Titration Calorimetry
Titration experiments were performed using a VP isothermal titration calorimetry microcalorimeter system (MicroCal, Inc., Northhampton, MA). Protein and peptide were either dialyzed into or dissolved in 40 mM Hepes, pH 7.5. In each experiment up to 26 aliquots of 5 l of peptide were injected into 1.43 ml of the FKBP52 solution at 25°C. The fragment concentration in the sample cell was 20 M, and the concentration of injected peptide was 1.052 mM. To obtain values for ⌬H, ⌬S, the stoichiometry of binding and the binding constant, the titration data were fitted according to a model of one binding site using Origin software (MicroCal, Inc.) (46) .
RESULTS
Fragment Design-The design of the fragments used in this study relied partially on a hydrophobic cluster analysis of the FKBP52 sequence (20) , suggesting that the protein consists of four domains interspaced by short hydrophilic linkers. Proteolysis experiments and hydropathy plot analysis (38) corroborated the suggested domain boundaries (data not shown). To functionally dissect FKBP52, we cloned the fragments shown in Fig. 1 . Fragment FKBP52-1 represents domain 1 of FKBP52 including the PPIase activity (22) . FKBP52-234 represents the fragment that lacks domain 1. FKBP52-12 consists of domains 1 and 2 but lacks the TPR domain and the calmodulin-binding site. FKBP52-123 only lacks the C-terminal calmodulin-binding domain. All these fragments were expressed in E. coli and purified to homogeneity. Only FKBP52-234 tended to aggregate at concentrations higher than 0.5 mg/ml. Purification of fragments consisting of domain 2 or domain 3 alone was not possible. This is consistent with low yield obtained before for the respective glutathione S-transferase fusions (22) .
Purified fragments were analyzed via size exclusion. All fragments were found to be monomer with the exception of FKBP52-1, which behaved like a dimer (data not shown). This is consistent with earlier findings by Yem and colleagues (47) . The single domain immunophilin FKBP12 analyzed under the same conditions also behaved as a dimer.
Structure and Stability of FKBP52 Fragments-To obtain insights into the structural properties of the respective fragments of FKBP52, far UV CD measurements were performed.
The spectra for FKBP52, FKBP52-123, and FKBP52-234 display two clear minima at 208 and 222 nm with intensities of Ϫ8000 to Ϫ14000 deg cm 2 dmol Ϫ1 . FKBP52-1 and FKBP52-12 had very little helical structure, and FKBP52-1 displayed an additional maximum at about 220 nm, which may be due to aromatic amino acids, e.g. phenylalanines (48) . The respective secondary structure contents of these fragments are shown in Table I . Full-length FKBP52 and FKBP52-123 have an ␣-helix content of 30 and 26%, respectively, whereas FKBP52-234 has 36% helical structure. FKBP52-1 and FKBP52-12 display an ␣-helical content of only 12 and 13%, respectively. Thus, domains 3 and 4 seem to consist mainly of ␣-helices, whereas domains 1 and 2 are made up of ␤-sheets.
To investigate the stability of the fragments, temperature transitions were monitored by far UV CD as described under "Experimental Procedures." The midpoints of denaturation (T m ) obtained from these measurements are shown in Table I . The least stable fragment was FKBP52-234 with a denaturation midpoint of 39°C; the T m of FKBP52-1 was 68°C, and that of FKBP52-12 was 63°C. The full-length FKBP52 showed a midpoint of 49°C. When domain 4 was removed, the remaining fragment FKBP52-123 still had a midpoint of denaturation of 46°C. This suggests that mainly domain 3 is reponsible for the instability of FKBP52 against thermal denaturation and that domain 1 is the domain that provides most of the stability.
Additionally, the stability of the FKBP52 fragments was monitored by equilibrium GdmHCl transitions by CD and fluorescence spectroscopy (Fig. 2 and data not shown) . The respective midpoints of denaturation were 1.8 M GdmHCl (FKBP52-1), 1.7 M GdmHCl (FKBP52-12), 1.6 M GdmHCl (FKBP52-123), 1.5 M GdmHCl (FKBP52), and 1.2 M GdmHCl (FKBP52-234). All transitions were reversible (data not shown). Taken together, these measurements suggested that both FKBP52-1 and FKBP52-12 are more stable than the other fragments and the full-length protein and thereby confirmed the results obtained from the thermal denaturation measurements.
PPIase Activity of Full-length FKBP52 and Its FragmentsThe PPIase activity of various fragments of FKBP52 had been analyzed previously (22) using glutathione S-transferase-fused FKBP52 fragments and the protease-coupled peptide assay (5) . These experiments suggested that FKBP52-1 is mainly responsible for the PPIase activity of FKBP52. However, the authors also reported marginal PPIase activity (k cat /K m is 0.02 ϫ 10 6 M Ϫ1 s Ϫ1 ) for FKBP52-2 (22). Recently, it was shown that the protease chymotrypsin, which is used as a helper protease in this assay, can lead to the inactivation and degradation of certain PPIases in the protease-coupled assay (49) . To be able to rule out effects of the protease on the different FKBP52 fragments in our study, we employed a new, protease-free assay system (42) . All fragments containing domain 1 showed k cat /K m values ranging from 1.25 to 1.6 ϫ 10 6 M Ϫ1 s Ϫ1 for the tetrapeptide succinyl-Ala-Leu-ProPhe-paranitroanilide in both the protease-coupled and the pro- In a second approach, we tested the PPIase activity of FKBP52 fragments in the refolding of a protein. The substrate we used for these measurements was RCM-T1 (37, 43, 44) . This substrate is unfolded in 100 mM Tris, pH 8.0, and refolds spontaneously upon dilution into the same buffer containing 2 M NaCl. The rate-limiting step in this refolding reaction is the isomerization of the Tyr 38 -Pro 39 peptide bond, which is in the cis-conformation in the native state. The reaction follows a single exponential kinetic. Addition of PPIases accelerates the rate of the refolding reaction (Fig. 4) (Table II) . Taken together, these results show that amino acids 1-148 (domain 1) are both necessary and sufficient for wild type-like PPIase activity toward both peptide and protein substrates.
Chaperone Activity of FKBP52 and Its Fragments-To monitor the chaperone activity of the FKBP52 fragments, the CS aggegration assay was used (45). At temperatures above 37°C, CS starts to aggregate spontaneously. FKBP52-234 could not be used in this assay, because it started to aggregate irreversibly at about this temperature (Table I) .
As shown previously, an excess of FKBP52 inhibited the aggregation of CS effectively (Refs. 17 and 35 and Fig. 5A ). Similar results were obtained for FKBP52-123 (Fig. 5B) . However, fragment FKBP52-123 does not seem to be quite as potent a chaperone as the full-length protein because CS aggregation could not be suppressed completely by this fragment. Interestingly, addition of FKBP52-12 did not influence the aggregation behavior of CS, even when added in high excess over CS (Fig.  5C ). This suggests that domain 3, which consists predominantly of TPRs, is mainly responsible for the chaperone activity of FKBP52, even though the C-terminal 58 amino acids seem to have a slight additional effect.
Complex formation between non-native CS and FKBP52 fragments was directly examined by cross-linking with GA. Previously this methodology had been employed to demonstrate complex formation between CS and the full-length FKBP52 (35) . Here, we could confirm this interaction. In addition, specific complexes were observed by cross-linking between CS and fragment FKBP52-123, which contains the postulated chaperone domain. In contrast, fragment FKBP52-12, which lacks this domain, did not show complex formation with CS (Fig. 6A) . The complexes seem to be stable because prolonged incubation at 40°C (Fig. 6, B and C) or 25°C (data not shown) did not lead to changes in the amount of CS bound.
To test whether the chaperone activity of FKBP52 is broad, we also monitored its influence on rhodanese, another well established chaperone substrate (51) . Upon incubation at 44°C, rhodanese aggregates readily over a period of 20 min (Fig. 7) . Addition of FKBP52 in a 5-fold excess led to about half-maximal suppression of aggregation (Fig. 7A) . Increasing the FKBP52 concentration further reduced aggregation. However, complete suppression of aggregation was not achieved even at high excess. As already shown for CS, FKBP52-123 also suppressed the aggregation of rhodanese (Fig. 7B) . Addition of FKBP51-12 did not have any effect on rhodanese aggregation even when added in high excess (Fig. 7C) . IgG, added as a control, did not influence rhodanese aggregation (Fig. 7B) . Thus, the rhodanese assays confirm the results obtained from the CS measurements.
Binding of the Peptide Hsp90C17 to FKBP52-Earlier studies (16, 23, 24, 25) had shown that the TPRs of FKBP52 are localized in domain 3. These TPRs have been proven to be involved in the binding of the large immunophilins to Hsp90 (24, 31) . To determine directly whether the C-terminal region of Hsp90 binds to FKBP52, we synthesized a peptide (Hsp90C17) comprising 17 C-terminal residues of Hsp90 (IP-PLEGDEDASRMEEVD). This includes the MEEVD motif, which is absolutely necessary for the binding of Hsp90 to the TPR domain of Hop (30) and 12 additional amino acids to enforce the binding and render specificity to it.
Binding of the Hsp90 peptide Hsp90C17 to FKBP52 was monitored by isothermal titration calorimetry (Fig. 8) . The binding curves obtained were sigmoidal, which is consistent with a simple two-state association reaction. The binding constant of Hsp90C17 to FKBP52 was determined to be 3 M (Fig.  8) . This is consistent with the binding constants determined for the binding of Hsp90 peptides to the TPR domain of Hop before (30) . The binding of FKBP52 to the Hsp90C17 peptide had both a favorable entropic (T⌬S ϭ 5.5 kcal/mol) and enthalpic (Ϫ2.1 kcal/mol) contribution. The stoichiometry of binding was 0.8. In contrast to FKBP52, the peptide did not bind to FKBP52-12 ( Fig. 8) , corroborating that this peptide binds specifically to the TPR domains.
Competition Measurements with FKBP52 and Hsp90C17 in the CS Assay-To determine whether binding to the non-native protein and binding to Hsp90 were mutually exclusive or whether the substrate protein and Hsp90 bound to different structures in the same region of FKBP52, we devised a competition assay to check whether Hsp90C17 inhibited the interac- tion of FKBP52 with CS. To this end, FKBP52 and Hsp90C17 were preincubated together at 43°C. The assay was started by the addition of CS. Hsp90C17 was added in a 10-fold excess over FKBP52. Given the binding constants determined in the isothermal titration calorimetry experiment, FKBP52 was saturated with peptide. If there was a competition of CS and Hsp90 for a common binding site on FKBP52, a decrease in the chaperone activity of FKBP52 should now be detectable. However, Hsp90C17 did not have any effect on the chaperone activity of FKBP52 (Fig. 9 ). FKBP52 suppressed CS aggregation both in presence and in absence of 30 M of Hsp90C17. Hsp90C17 alone added as a negative control did not influence the aggregation behavior of CS. DISCUSSION FKBP52 is a large immunophilin that acts as a co-factor of Hsp90 and exhibits both PPIase and chaperone activity (35) . In this study we set out to determine the regions of FKBP52 responsible for these activities. We designed a set of fragments of FKBP52 and compared them concerning structure, stability, PPIase, and chaperone activity. FKBP52 consists of four domains that show distinct amounts of ␣-helical content. Domains 3 and 4 seem to be largely made up of ␣-helices, whereas domains 1 and 2 only contain a limited amount of ␣-helical structure (ϳ 12%). These domains share sequence homology with FKBP12 (20) , which displays also about 10% ␣-helical structure (17) . The high ␣-helix content of domains 3 and 4 reflects the presence of the helical structures of the calmodulinbinding domain (52) and the TPRs (29, 30) .
There was no difference in the catalytic activity in the protease-coupled and the protease-free variant of the peptide assay, which suggests that the helper protease chymotrypsin does not inactivate FKBP52. The PPIase activity of FKBP52 and the fragments containing domain 1 corresponds very well with the activities found for FKBP51 and FKBP52, which we had reported earlier (17) , and with the activity of the corresponding small immunophilin FKBP12 (50) . In the catalysis of refolding of the protein substrate RCM-T1, the activity of FKBP52 is about half of the catalytic activity of the respective small immunophilin FKBP12 (43) . In both assays, only fragments containing domain 1 display PPIase activity, indicating that amino acids 1-148 are both necessary and sufficient for wild type-like PPIase activity toward both peptide and protein substrates. In contrast to the findings of Chambraud et al. (22) , we did not detect PPIase activity for domain 2 in either assay.
The ribosome-associated trigger factor of E. coli is another large PPIase consisting of a FK506-binding domain and additional domains. These additional domains are involved in the interaction with substrate proteins such as RCM-T1, which causes a greatly enhanced catalytic activity in the refolding of RCM-T1 compared with the small PPIases (53) . In contrast to this, the additional domains of FKBP52 do not have any influence on the catalytic efficiency of prolyl-peptide bond isomerization in RCM-T1 refolding. This suggests that in contrast to trigger factor, in FKBP52 only the PPIase domain is involved in the refolding of RCM-T1.
In addition to being a PPIase, FKBP52 has also been shown to display chaperone activity in vitro (17, 35) . It has been suggested that the chaperone activity resides in domains outside the PPIase domain (35) . Interestingly, for a thermophilic single domain FKBP, it was shown that insertions in this PPIase domain are important for chaperone-like activity (54) . In contrast, using two well established model substrates, CS and rhodanese, we were able to localize the site for interaction with non-native proteins to the C-terminal part of FKBP52 in this study. It is mainly localized between amino acids 264 and 400. However, the C-terminal 58 amino acids also seem to contribute because fragment FKBP52-123 did not completely suppress CS aggregation. Because large FKBPs are found predominantly in complex with Hsp90 in vivo, the ability of FKPB52 to interact with non-native proteins, as analyzed in vitro, may contribute to the conformational processing of substrates in the Hsp90 complex. However, the in vivo importance of prolyl isomerization or binding of substrate proteins by FKBP52 remains to be established in the Hsp90 complex.
In FKBP52, the TPR domain is involved in the binding to Hsp90 (24, 31) . Because the binding site for proteins in FKBP52 co-localizes with the TPR domain, the question arose whether non-native protein and Hsp90 bind to the same site on FKBP52. To address this, we performed CS aggregation measurements in the presence of a C-terminal 17-residue Hsp90 peptide bound to FKBP52. The binding constant of this peptide to FKBP52 was determined to be 3 M. This affinity corresponds well to that of Hsp90 C-terminal peptides to the TPR2A region of Hop (30) , which is homologous to the TPR region of FKBP52. However, the Hop TPR2A region bound equally well to C-terminal Hsp90 peptides longer than 10 amino acids and to the entire C-terminal domain (amino acids 625-732) of Hsp90, whereas the binding affinity of the 17-amino acid Hsp90 peptide to FKBP52 is markedly lower than the one determined for the binding between FKBP52 and full-length Hsp90 (K D ϭ 55 nM; Ref. 17) . This argues for the involvement of more than the C-terminal 17 amino acids of Hsp90 and the TPR domain of FKBP52 in the binding of FKBP52 and Hsp90 as had been suggested before (16) .
The presence of the Hsp90 peptide at saturating conditions did not have any effect on the suppression of CS aggregation by FKBP52. This suggests that both proteins can bind to domain 3 of FKBP52 at the same time and that their binding is not mutually exclusive.
The structural basis of the interaction between the C-terminal peptides of Hsp90 and the TPR domain of Hop, which is homologous to FKBP52 is already known (30) . Similar to the TPR structure of the phosphatase PP5 in the absence of binding peptide (29) , it consists of seven meandering ␣-helices that form a cradle-shaped groove. This groove accommodates the peptide in an extended conformation. The peptide only makes contact with the side chains of the three ␣-helices of the TPR domain that line the inner surface of the groove (30) . In this structure a considerable part of the groove is not occupied by the Hsp90 peptide and may thus remain accessible to other proteins. A comparison between the TPR domains of Hop and the TPRs of FKBP52 shows that both the residues belonging to the TPR consensus motif and the residues that were found to be responsible for electrostatic interactions with the C-terminal EEVD peptide of Hsp90 are highly conserved (30) . Apart from this, however, the homology between the respective TPR domains of the two proteins is not very high (only 14% overall amino acid identity in the TPR2A region). Moreover, the loop between helix 1B and 2A contains 15 additional amino acids in FKBP52. In contrast to FKBP52, Hop does not bind to nonnative proteins (35, 36) . This provides additional support for the conclusion that it is not the Hsp90 interacting TPR, which is responsible for binding of the non-native protein.
Generally, TPR motifs are thought to mediate a specific protein-protein interaction via a defined set of interactions of eight loosely conserved residues (28, 55) . A wider binding specificity of TPR regions was suggested for the mitochondrial import receptor protein Tom70 concerning presequence peptides (56) . Surprisingly, the TPR was part of the binding site of Tom20 for the preprotein, but the TPR motif itself did not form the recognition element for the presequence (57) . Instead, the basis for binding was a patch of hydrophobic interactions, only part of which was localized in the TPR helices. Such a hydrophobic patch could also mediate interactions with non-native proteins in FKBP52.
